The paper reviews the methods of producing or upgrading the energy carriers utilizing fossil fuels and nuclear energy, individually or synergistically, for the 21 st century when the best-mixed supplies of available primary energies are crucial.
Introduction
Fossil fuels, in general, have the environmental problem due to the CO 2 emission, and fossil fuels, except coal, have the resource problem for the future supply. Also, nuclear energy might have a supply stagnancy problem, if the demand for the nuclear energy increases as estimated by the World Energy Council (WEC), due to deficiency of fissile materials in the 21 st century, though a timely introduction of Plutonium recycling with appropriate breeding setup could ease the problem.
To supply energy for the production of hydrogen and other energy carriers as well as electricity generation, it is essential to utilize both fossil fuels and nuclear energy in a manner to ensure the continuing supply of energy while reducing CO 2 emissions, so as to solve the global problems of resources and environment in the 21 st century.
Synergistic utilization of fossil fuels and nuclear energy has prospects of efficient conversion of primary energies into energy carriers and lower the cost of conversion as well as the favorable impacts on resources and environment.
The paper reviews the methods of producing or upgrading the energy carriers utilizing fossil fuels and nuclear energy, individually or synergistically, for the 21 st century when the best-mixed utilization of available primary energies are crucial.
Supply Capability of Nuclear Energy
According to the estimates of WEC (Ref.1), the world primary energy demand in 2100 would be about 4 times that of 1990 in case of the Middle Course (B Case) with nuclear energy expected to supply 24% of total primary energy for electricity production. This amount of nuclear supply corresponds to the capacity of about 5,200 units of 1000 MWe plants. The supply of fissile fuel to these plants is feasible as shown in Fig. 1 In order to reduce global greenhouse gas emissions and begin displacing fossil fuels, optimizing the recycling use of Plutonium in FBR could increase energy supply by nuclear energy to 1.5 times in 2050 and 2 times in 2100 of the WEC-B case estimates. By effectively utilizing nuclear energy, this excess supply capacity of nuclear energy over the WEC-B Case could replace fossil fuels share as shown in the In such a scheme, the global supply quantity of fossil in 2100 would become smaller than it was in 1990, thus attaining stabilization of atmospheric carbon dioxide concentration even in the face of global growth of energy use by a factor of four.
Either in the WEC-B Case or in the Proactive Nuclear Deployment Case in the Table 1 , the world has to utilize concurrently all of these primary energies in the 21 st century. Therefore, it would be worthwhile to investigate 'synergistic' energy conversion processes by which these primary energies work together to produce or upgrade energy carriers so as to obtain benefits from any combined effects to efficiency, cost, and/or so (Ref. 4) . In this paper, synergy between fossil fuels and nuclear energy are reviewed and investigated.
Review of Converting Process from Primary Energy to Energy Carriers
Here, the energy carries are categorized into three as shown in Fig. 2 , namely hydrocarbons, electricity and hydrogen. As for the hydrocarbon energy carriers, gasoline, kerosene, liquefied petroleum gas, compressed natural gas and so on are used at present, while dimethyl ether, ethanol, synthetic fuels and so on will be used in the future.
In the production technologies, there are individual processes and synergistic processes. The individual process is a process where only one primary energy is used to supply energy for converting to an energy carrier. The synergistic process is a process, where two or more primary energies (fossil fuels and nuclear energy in this paper) are used to supply energies for converting to an energy carrier.
At present, fossil fuels and nuclear energy are individually producing such energy carriers as hydrocarbons, electricity and hydrogen commercially, though some are still in developing stages. As for the hydrocarbon energy carriers, gasoline, kerosene, methane and 
Fig. 2 Production of Energy Carriers from Primary Energies
other hydrocarbons produced from petroleum and natural gas are presently used, but in the future synthetic hydrocarbons produced or upgraded by nuclear energy will be used.
3-1 Individual Process
Some of the examples of the individual processes for converting the primary energies to energy carriers are shown in Table 2 .
In Table 2 , the nuclear electricity generation is now commercially conducted, and nuclear hydrogen production is now under research and development. As for the nuclear hydrocarbon production, a nuclear synthetic methane recycling process is being developed by Tokyo Institute of Technology for on-board steam-methane reforming with calcium oxide for CO 2 sorption (Ref.5).
3-2 Synergistic Process
Examples of the synergistic processes using both fossil fuels and nuclear energy to produce or upgrade energy carriers are reviewed. 
Potential Chemical Processes and Nuclear Reactor for Synergistic Processes
As shown in the above examples, fossil fuels and nuclear energy can synergistically produce electricity and hydrogen, and can produce or upgrade hydrocarbons. The synergistic processes presently under study include such chemical reactions as steam reforming (both high temperature and medium temperature), hydrogasification (high temperature for coal), hydrocraking and hydrogenation (upgrading of hydrocarbons), methanation (coal to synthesized natural gas, CO 2 reduction), and electrochemical reactions using electrolysis cells and fuel cells.
For efficient conversion of primary energies to energy carriers, these processes are to be combined with suitable reactor types, such as high temperature reactors (VHTR, GFR, LMR, MSR) and medium temperature reactors (SFR, SCWR). These reactor systems are selected by the Generation IV International Forum as candidates of R&D cooperation (Ref.14).
The high temperature reactors like VHTR holds the promise to be applied various chemical processes that need high temperature, especially for coal processes, to produce hydrocarbons and hydrogen. However, in high temperature reactors, due to material limitation at present, the pressure of chemical process should be in the same range as the primary coolant pressure, which may be a hindrance factor in some processes.
In the medium temperature reactors like SFR and SCWR, the pressure of chemical process can be different from the primary pressure. Usually, chemical equilibrium may be not favorable in medium temperature range for processing fossil fuels, but such technology as the membrane separation could alleviate the disadvantage.
It is expected that many promising processes with high efficiency and good economics could be developed in the future.
Expected Features of Synergistic Process
The expected features of synergistic processes are;
♦ Saving resources of both fossil fuels and nuclear energy by processes of higher energy utilization efficiency ♦ Reducing CO 2 emissions by processes of higher energy utilization efficiency ♦ Lowering production costs by processes of higher energy utilization efficiency and by lower heat cost of nuclear energy Some considerations on the energy utilization by synergistic processes are as follows;
♦ In the hydrogen production by nuclear heat, there is the limitation by thermodynamic law (the Carnot efficiency at the highest), because either the electrolysis or the thermochemical water splitting process has to go through the 'heat engine' path.
♦ In the hydrogen production from fossil fuels, if it is chemical to chemical conversion such as by the steam-coal gasification reaction or by the steam-methane reforming reaction, there is no such thermodynamic limitation by the Carnot efficiency.
♦ In the hydrogen production from fossil fuels, either by the steam-coal gasification reaction or by the steam-methane reforming reaction, the endothermic heat of reaction is conventionally supplied by combustion of fossil fuels. If this endothermic heat is supplied from nuclear heat, full stoichiometric conversion of fossil fuels to hydrogen moles and effective conversion of nuclear heat to hydrogen heat can be achieved. Table 3 are shown the heat conversion factor of producing hydrogen from nuclear energy, methane and the both (Ref.15) . Here, the heat conversion factor is defined as ratio of hydrogen heat to nuclear heat, ratio of hydrogen heat to methane heat, or ratio of hydrogen heat to sum of nuclear heat and methane heat, all in the low heat value (LHV). The nuclear-heated steam methane reforming using the recirculation-type membrane reformer gives the ratio of 0.85 for hydrogen heat to sum of methane and nuclear heat.
♦ In

Nuclear Upgrading of Bitumen to Synthetic Crude
The authors have investigated a process to upgrade the bitumen extracted from unconventional extra heavy oils (Oil sands in Canada, Orinoco tar sands in Venezuela, etc.) using nuclear energy.
AECL investigated the possibility of using the electricity, steam and hydrogen from ACR (Advanced CANDU Reactor) for extracting bitumen by the Steam Assisted Gravity Drainage from oil sands using nuclear steam and upgrading bitumen to synthetic crude oil using nuclear hydrogen (Ref.7). In the AECL study, electrolysis by ACR-generated electricity is envisioned for producing hydrogen.
In our study, we envision that the hydrogen used for upgrading bitumen to synthetic crude is produced by nuclear-heated steam reforming of a part of the product (synthetic crude) as shown in the schematic flow diagram (Fig. 5) . The electricity and steam (heat) from the nuclear reactor would be supplied to all the processes through bitumen extraction to synthetic crude upgrading.
A typical composition of bitumen extracted from oil sands is; C= 83.2%, H=10.4%, O= 0.94%, N= 0.36%, S= 4.8%. Ordinary crude oil contains H= 11~14%, so hydrogen is necessary for hydrocracking Assuming 90% efficiency for the above reactions, the mass balance of synthetic crude is shown in Fig. 5 . About 11 % of product crude oil are used for producing hydrogen for hydrocracking and hydrotreating.
As for the nuclear-heated steam reforming of synthetic crude, the medium temperature recirculation-type membrane reforming process (Ref. 10 ) can be applied, where either SFR (Sodium Fast Reactor) or SCWR (Supercritical Water Reactor) could be adopted as medium-temperature heat source.
As the medium temperature nuclear-heated steam methane reforming is assessed economically competitive with conventional natural gas based hydrogen production (Ref.10), this kind of process for hydrocarbons upgrading will be promising as the feed of natural gas or combustion of bitumen/crude oil is not necessary for hydrogen production. Together with the nuclear supply of electricity and steam (heat) to the whole process, the nuclear hydrogen supply could eliminate the combustion of fossil fuels in the extraction and upgrading process of extra heavy oils.
Conclusion
♦ Hydrocarbons, electricity and hydrogen will be the energy carriers used mostly in the 21st century.
Both fossil fuel and nuclear energy will be required to supply energy for producing these energy carriers, with the share of nuclear energy ever increasing for the future.
♦ As for nuclear energy, timely transition and appropriate breeder setup will be necessary before the middle of century. As for fossil fuels, from the supply/demand situation in the market, share of heavier (more carbon content, like oil sands, coal) fuels will increase for the future.
♦ Besides the individual process of primary energies to energy carriers, the synergistic process of primary energies to the energy carriers will become important with the features of resource saving, reducing CO 2 emissions and economic production, due to the higher conversion efficiency and low cost of nuclear heat.
♦ A new synergistic process for bitumen upgrading is presented. There remain many possibilities of new, innovative, synergistic processes, which combine chemical and nuclear systems for efficient, clean and economical production of energy carriers. 
